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New Haven, Connecticut 06520 domain, presumed to be a signaling receptor (Auld et
al., 1995). In gli mutants, the ensheathment fails to en-
case the axons of the nerve bundle, giving support to the
idea that Gli normally functions as a signaling moleculeSummary
mediating a cell recognition event.
As a start toward understanding glial and neuronalFray is a serine/threonine kinase expressed by the
peripheral glia of Drosophila, whose function is re- interactions that give rise to nerves, we describe here
the serine/threonine kinase Fray, a protein that is re-quired for normal axonal ensheathment. Null fray mu-
tants die early in larval development and have nerves quired for glial ensheathment of axons. Fray and its
mammalian homologs constitute a novel kinase family,with severe swelling and axonal defasciculation. The
phenotype is associated with a failure of the ensheath- the PF kinases (for PASK and Fray, the best-character-
ized members of this family). PF kinases are distantlying glia to correctly wrap peripheral axons. When the
fray cDNA is expressed in the ensheathing glia of fray related to PAK kinases but have significant structural
differences. Fray is the only PF kinase, however, formutants, normal nerve morphology is restored. Fray
belongs to a novel family of Ser/Thr kinases, the PF which there is a mutant phenotype, allowing one to infer
a biological function. While Fray plays several roles inkinases, whose closest relatives are the PAK kinases.
Rescue of the Drosophila mutant phenotype with Drosophila development, our initial focus has been on
its role in nerve ensheathment. Through phenotypicPASK, the rat homolog of Fray, demonstrates a func-
tional homology among these proteins and suggests analysis and selective rescue experiments of the fray
gene, we show that Fray is required within ensheathingthat the Fray signaling pathway is widely conserved.
glia to properly wrap axons. Rescue of the Drosophila
mutant phenotype by one of its mammalian homologsIntroduction
demonstrates a functional homology among PF kinases,
validating the definition of this novel family. This func-The larval peripheral nerves of Drosophila present an
attractive system for analyzing the cellular interactions tional conservation suggests not only that the molecular
partners of PF kinases have been widely conserved butthat underlie axon ensheathment and glial cell function
(Auld et al., 1995; Auld, 1996; Sepp et al., 2000). The that the signaling cassette is also conserved. Based on
the broad expression pattern reported for mammaliannerves are relatively simple, having only three cellular
components: (1) sensory and motor axons, (2) ensheath- PF kinases and the functional analysis of fray presented
here, we propose that the PF kinases comprise an im-ing glia that wrap the axons, and (3) perineurial cells
that form the outermost cell layer (Auld, 1996). The glial portant class of signaling molecules.
ensheathment in Drosophila resembles that seen in
neonatal mammals, where unmyelinated but glial- Results
ensheathed axons predominate (Peters et al., 1991).
Studies using molecular markers have revealed a vari- The Morphology and Development of the Larval
ety of glial cell types in Drosophila (Fredieu and Maho- Peripheral Nerves
wald, 1989; Kla¨mbt and Goodman, 1991; Ito et al., 1995). The major innervation of each larval abdominal hemiseg-
This diversity is mirrored by the variety of cell functions ment is provided by a single nerve that exits from the
that have been proposed for glia: structural support, lateral edge of the ganglionic hemisegment and inserts
axon guidance, neurotransmitter recycling, energy me- into the bodywall at the edge of the ventral oblique
tabolism, and modulation of synaptic activity (for review, muscle fiber 17, near the ventral midline of the target
see Jessen and Richardson, 1996; Laming et al., 1998). segment (Johansen et al., 1989b; Figures 1A and 1B).
One of the earliest appreciated functions of glia is in Once the nerve reaches the bodywall, it subdivides into
nerve ensheathment, which provides a suitable environ- five branches running from ventral to dorsal. These
ment for the propagation of action potentials. branches correspond to the embryonically established
In Drosophila, mutations that have been found to af- projections of the intersegmental and segmental nerves
fect the ensheathment of peripheral axons include neu- within the bodywall (Johansen et al., 1989a; Campos-
rexin IV and gliotactin (gli). Neurexin IV is a transmem- Ortega and Hartenstein, 1997). A second, minor innerva-
brane protein that localizes to pleated septate junctions, tion of the bodywall is provided by the segmentally
which are found in nerve-ensheathing cells of Drosoph- repeated transverse nerves, which emerge from the gan-
ila and are required for the formation of the blood–nerve glion’s dorsal midline and project bilaterally. At the
bodywall, the transverse nerve runs from ventral to dor-
sal along the segment border and terminates at the alary* To whom correspondence should be addressed (e-mail: william.
leiserson@yale.edu). muscle (Gorczyca et al., 1994).
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Figure 1. The Larval Abdominal Nerves of Drosophila
(A) Whole mount of larva expressing GFP throughout the nervous system. Nerves (arrowheads) each contain z85 motor and sensory axons
linking the ventral ganglion (arrow) to the periphery. Anterior is to the top.
(B) Diagram of the abdominal nerve projections shown in (A). The nerves are numbered according to the segment they innervate.
(C) EM section through a peripheral nerve. The axon profiles (denoted “A”), located in the interior, are wrapped by ensheathing glia (denoted
“G”). The processes (arrowheads) may envelop a single axon (white arrow) or a group of axons (asterisk). Perineurial cells (denoted “P”) form
a cylindrical outer layer and secrete the neural lamella (denoted “L”). Scale bar in (C): 1 mm.
Each of the larval peripheral nerves in segments fray Mutants Exhibit a Frayed Nerve Phenotype
The fray gene was discovered in an enhancer trap screenA2–A7 contain approximately 85–90 afferent and effer-
ent axons (Carlson and Hilgers, 1998; Figure 1C). The (Spradling et al., 1999) in which line PZ4624 expressed
the reporter lacZ gene in the embryonic neuromuscularmost posterior peripheral nerve projects to the com-
pound A8-11 hemisegment of the larva and as a result system as well as in the midline dorsal median cells
(Keshishian et al., 1993). To clone the gene, we isolated ahas a diameter about 50% larger than the other abdomi-
nal nerves. genomic clone from the region by plasmid rescue, which
was used to initiate a chromosomal walk through theThe development of an abdominal peripheral nerve
begins with the pioneering of the intersegmental and region, and subsequently mapped to 91B3-4. Screening
by tissue in situ hybridization, we identified a genomicsegmental axon tracts during stage 13 of embryogene-
sis (Campos-Ortega and Hartenstein, 1997). These two fragment that revealed a pattern of mRNA expression
that mirrored the enhancer trap reporter gene expres-nerve tracts join at the edge of the CNS to form a single
peripheral nerve trunk, which will elongate for the rest sion (see below and Figure 5).
We next isolated three mutant alleles of the gene (de-of embryonic and larval development. Ensheathment of
the nerve involves two distinct cell migrations. The first noted r1, r2, and r3) by excising the P element from line
PZ4624. All three mutations result in lethality by the lateinvolves glial cells from the CNS, which migrate outward
onto the nerve and establish the axonal ensheathment third instar larval stage, fail to complement one another,
and exhibit similar nerve phenotypes (see below). Sub-(Fredieu and Mahowald, 1989; Ito et al., 1995; Auld,
1996). These cells are derived from the “exit glia” clus- sequently, we obtained another allele from the same
enhancer trap screen PZ7551 (Perrimon et al., 1996),ters, which are located adjacent to the nerve roots
(Klambt and Goodman, 1991). By stage 16, six to eight which is an insertion into the 59 region of the transcrip-
tion unit and results in larval lethality during the firstperipheral ensheathing glia are arrayed along the nerve
and have begun to elaborate processes (Halter et al., and second instars (see Experimental Procedures for a
description of the genetic analysis; a map of the fray1995; Sepp et al., 2000). The other migration involves the
perineurial cells, which are thought to be of mesodermal locus is given in Figure 5).
To learn whether fray plays an important role in theorigin (Edwards et al., 1993) and form the outermost cell
layer of the nerve (Auld et al., 1995; Carlson and Hilgers, nervous system, we examined fillet preparations of third
instar mutants, labeled with the neuronal marker anti-1998).
By the end of the third instar, the larval peripheral HRP (Jan and Jan, 1982). The only abnormalities we
observed by light microscopy were localized bulges ornerves can exceed 3 mm in length. To accommodate
this growth, the perineurial cells undergo postembryonic swellings in the nerves, inside which was extensive axon
defasciculation (Figure 2B). We refer to this as theproliferation, as revealed by bromodeoxyuridine birth-
dating experiments (Leiserson et al., 1999). In contrast, “frayed nerve” phenotype. Detailed ultrastructural anal-
ysis has revealed that the fray phenotype also involvesthe ensheathing glial cells do not proliferate postembry-
onically and accommodate nerve growth by extending other, nonbulging regions of the nerve (see below). Sev-
eral lines of evidence demonstrate that the frayed nerveprogressively longer processes (Sepp et al., 2000).
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Figure 2. The fray Mutant Nerve Phenotype and Its Rescue
(A–D) Third instar fillet preparations labeled with the neuron-specific antibody probe anti-HRP.
(A) Wild-type. The segmental nerves (arrowhead), projecting from the ventral ganglion, have a smooth, compact appearance.
(B) fray r1. The nerves exhibit the frayed nerve phenotype—localized swellings or bulges (arrowhead). In other regions they look quite normal.
The ventral ganglion (data not shown) appears normal.
(C) Rescue of fray r1 mutants. The ubiquitous expression of the fray cDNA restores nerves to essentially normal appearance (arrowhead),
demonstrating that the mutant phenotype results from the loss of function of the cloned gene.
(D) Detail of the frayed nerve phenotype (fray r1). The large bulge (arrowhead) measures 70 3 25 mm. Inside the bulge, the anti-HRP staining
reveals tracts of axons that have come apart. Other regions have subtle irregularities that look like small bulges (arrow).
(E) Frayed nerve phenotype in a live fray r1 mutant first instar larva. When viewed through the cuticle of a living larva, bulges (arrowhead) are
visible as early as the first instar in fray r1 (shown) as well as other alleles, including fray PZ7551. The bulge in the figure measures 12.6 3 84 mm.
The sizes of bulges observed in fray PZ7551 larvae were similar. The width of a normal nerve at this stage is z4.5 mm.
(F) Nuclear staining observed in a third instar fray r2 mutant nerve. Cell nuclei are present in the bulges, as revealed by Hoechst 33258 staining.
The Nomarski image reveals apparently intact ensheathment. Anterior is to the top. Scale bar: 50 mm for (A)–(C), 27 mm for (D), and 20 mm
for (E) and (F).
phenotype is a result of the loss of function of the fray 2D) to immense bulges that can exceed 300 mm in length
and 50 mm in diameter (arrowhead in Figure 2D). Thegene. First, the phenotype was associated with all three
excision alleles derived from the PZ4624 line, though number of these bulges ranged from 8 to 22 per animal
(mean 5 12.7; n 5 7 larvae; see Figure 3). The neuron-absent from PZ4624 itself. Second, an independent in-
sertion allele, PZ7551, also has the frayed nerve pheno- specific anti-HRP labeling within the large bulges re-
veals defasciculated axons. In contrast, in wild-type lar-type (data not shown). Finally, we were able to rescue
the phenotype by expressing the fray cDNA in the en- vae, nerves are of uniform width (7 mm) with straight
and tightly bundled axons, as revealed by anti-HRP la-sheathing glia of mutant animals (Figure 2C; see below).
The fray mutation is 100% penetrant; we find bulges beling and electron microscopy.
Directly imaging live larvae through the cuticle withand associated axon defasciculation in every larva ex-
amined (n . 100). By light microscopy, the defects ap- enhanced video microscopy revealed frayed nerves in
recently hatched first instar larvae (Figure 2E), indicatingpear localized, ranging from mild bulging (arrow in Figure
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second hot spot was found at the levels of segments
A6 and A7.
Ultrastructural Analysis Reveals Glial Cells
Are Specifically Affected in fray Mutants
To better understand the cellular basis of the fray pheno-
type, we used TEM to compare wild-type and mutant
nerves. A hallmark of wild-type nerves is that axons are
usually fully ensheathed by glial processes (Hurd and
Saxton, 1996; Carlson and Hilgers, 1998; Figure 1C). The
glial processes normally remain in close apposition to
the neurons as they encircle them and in this way en-
close and isolate the axons. TEM sections of mutant
larval nerves revealed extensive errors in the glial en-
sheathment of axons, defects that were observed in
both the bulging and nonbulging regions of the nerve.
Nonbulging Regions of Nerve Have
Defective Ensheathment
The nonbulging regions of nerves, which had normalFigure 3. The Distribution of Bulges in frayr1 Mutant Larvae
nerve diameters and would thus appear normal by lightThe diagram illustrates the frequency and location of bulges ob-
served in 98 nerves scored in seven third instar mutant larvae. microscopy, in fact had extensive defects when exam-
Bulges that exceeded twice the normal nerve width were counted ined by TEM. The mutant phenotype in these regions
(normal nerve width is 7 mm). The vertical bars refer to the abdominal consisted of glial processes that had begun to extend
nerves two through eight. The numbers within the bars indicate the
circumferentially around the axons but had fallen shortfrequency (in percent) that bulges were found in a given nerve at a
of fully wrapping them (Figures 4A and 4B). The propor-given segmental level, from A1 through A7. On the right, the fre-
tion of ensheathing glial processes that fully encircledquency of bulges observed in each segment is given, determined
by summing horizontally. At the bottom, the frequency of bulges axons in mutants averaged only 49.2% 6 2.6% of the
observed in each nerve is given, determined by summing vertically. total length of glial processes, compared to over
Regions where bulges were least frequent are shown in dark blue, 85.0% 6 5.5% in wild-type nerves (n 5 7 mutant and
while regions with the highest frequencies are shown in red. Bulges
wild-type nerves, p , 0.01). Strikingly, the total length ofwere found at virtually any location on any nerve but tended to be
the glial processes in mutants did not differ significantlyfound near the ventral ganglion. Nerve eight also had a high fre-
from wild-type (see below). Other glial errors includedquency of bulges near its termination in the periphery. The total number
of bulges observed per animal ranged from 8 to 22 (average 5 12.7). sites in the nerve where from three to seven glial proc-
esses converged to within half a micron but nevertheless
failed to join up with each other (Figure 4B). These aber-
rant sites were never observed in wild-type nerves butthat the bulges arise early in development. Using this
were seen in mutants an average of 2.75 cases per nervesame technique, we observed the same phenotype in
section (n 5 7, p , 0.025).mutants bearing the severe allele PZ7551, which die
before the end of the second instar. The similarity in
phenotype suggested that the frayed nerve phenotype Ultrastructure of the Nerve Bulges in fray Mutants
Like the nonbulging regions, bulging regions of mutantin hypomorphs was not a secondary effect but was
closely linked to the loss of fray function. nerves contained disrupted glial ensheathment of ax-
ons, as revealed by TEM (Figures 4C and 4D). Glial proc-By labeling the nuclei in third instar fray mutant periph-
eral nerves, we examined whether the nerve bulges re- esses in some cases were observed to stretch out to
contact the axons, but they consistently failed to encir-sult from a loss of the ensheathing perineurial cells,
leading to the weakening and hence bulging of the nerve cle them (Figure 4D). In addition to the glial defects,
however, the bulging regions contained large, electron-(Figure 2F). Since the perineurial cells far outnumber the
six to eight ensheathing peripheral glia in each nerve transparent regions, which were presumably fluid filled
(Figure 4C). The axons were severely defasciculated,(Sepp et al., 2000), the vast majority of the nuclei labeled
in these preparations are perineurial. We found that the consistent with the light microscope observations. In
contrast, the axons appeared normal in number (mutant,perineurial layer is continuous and that perineurial nuclei
are associated with the bulges, suggesting that the 86.0 6 4.3; wild-type, 88.7 6 0.7), though their average
axon diameter was slightly reduced compared to wild-bulges are not due to openings in the ensheathment or
to localized cell loss. This result is in agreement with type axons (80% of wild-type). The reduced axon size
is likely a systemic effect, since the mutant larvae attransmission electron microscopy (TEM) analysis that
shows that the perineurial layer is continuous, even in this stage were also smaller than wild-type. Otherwise,
all of the cellular components of a normal nerve werethe largest bulges (see below).
We found no strict relation between the presence of present in the bulges: the outer perineurial cells, the
ensheathing glia, and the axons. The perineurial layer ina bulge and its location along the nerve (Figure 3). Bulges
were found in every nerve and in nearly every segment. the bulging regions appeared normal and uninterrupted,
with a secreted neural lamella. In light of the glial cellThere was, however, a higher tendency for bulges to
occur near the ventral ganglion. For the A8 nerve, a defects we observed in nonbulging regions, the most
PF Kinase Function in Axonal Ensheathment of Glia
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Figure 4. TEM of fray r1 Mutant Nerves
(A) Section through the nonbulging region of abdominal nerve eight. In nonbulging regions, there are an excessive number of glial processes
that have not completely encircled axons, even though the basic structure of the nerve is intact. A subset of the “incomplete glial wraps” are
marked by arrowheads.
(B) Detail of boxed region shown in (A). Four glial cell process tips (arrowheads) have approached each other but failed to form complete
wraps.
(C) Section through bulging region. Axons, A; glial cells, G; perineurial cells, P; and neural lamella, L, are all present (compare with wild-type
in Figure 1C), but the interior of the nerve has large electron-transparent regions. Glial cell processes (arrowheads) are present but fail to
wrap axons, which are spread apart.
(D) Detail of boxed region shown in (C). The glial cell process (arrowhead) contacts the axon but does not encircle it. Scale bars: 1 mm for
(A) and (C), 0.1 mm for (B), and 0.5 mm for (D).
striking feature of the bulges was the disrupted glial also not significantly different from the value observed in
wild-type nerves (46.7 6 11.6 mm). These results suggestensheathment of axons. Indeed, besides the deforma-
tion introduced by the bulge, the mutant nerve pheno- that the fray defect is not associated with an aberrant
size of ensheathing glia that results in nerve bulges buttype is largely specific to the glial cells.
We next examined whether the fray phenotype was rather is associated with a failure of the glial processes
to fully surround and ensheath the axons, a defect seenassociated with aberrant growth of the glia, especially
in the bulging regions. Surprisingly, there was no statisti- irrespective of whether there is a bulge or not.
cally significant difference in the total length of glial
processes (observed in individual transverse sections) The fray Gene Encodes a Protein Related
to Serine/Threonine Kinasesbetween the bulging and nonbulging regions of mutant
nerves (bulging regions, 66.5 6 13.9 mm, n 5 3; nonbulg- Sequence analysis of fray cDNA and genomic clones
revealed a single, long open reading frame (ORF), en-ing regions, 69.3 6 11.6 mm, n 5 4). The glial length was
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and true PAKs is modest, at the 30% level of identity,
while that between Fray and its closest mammalian rela-
tives is high, at 75% amino acid identity (Figure 5).
The PF kinases possess two regions of homology
outside the kinase domain, which we have denoted PF1
and PF2 and that may correspond to two functional
domains of the proteins (Figure 7A). These domains may
represent regulatory or targeting elements, by analogy
to other kinase molecules. Queries of the standard data-
bases using BLAST and PSI-BLAST (Altschul et al., 1997)
revealed no other known proteins besides the ones
listed here that have significant homologies to these
regions.
The relationships among members of the PF kinases
and PAK families can be visualized using a cladogram
based on sequence distances of the kinase domains
(Figure 7B). The true PAKs and PF kinases cluster into
distinct groups, with mammalian and Drosophila mem-
bers in each. This suggests that both a Fray-like and a
PAK-like protein were present in a common ancestor of
insects and mammals. For example, the two Drosophila
proteins Fray and DPAK are considerably closer to their
Figure 5. Structure of the fray Gene
respective mammalian homologs, PASK and PAK, than
(A) Map of the fray genomic region. The r1 lesion is a deletion with they are to each other.
a proximal breakpoint z2 kb upstream of the fray transcription unit.
The locations of PZ4624, the original enhancer trap insertion, and
fray Is Expressed in the Ensheathing GliaPZ7551 are shown. The PZ7551 insertion resulted in a severe loss
of function of fray. The fray transcription unit contains a single, long To better understand fray function, we examined fray
ORF. expression as revealed by both the enhancer trap re-
(B) Structural homologies of predicted Fray protein to rat PASK porter (Figure 8A) and by tissue in situ hybridization
and Drosophila PAK. The kinase domain of Fray exhibits significant
(Figure 8B). The overall expression patterns observedhomology to the canonical PAKs, such as DPAK, but the location
using these assays were similar. For the purposes ofof the kinase domain in Fray is at the N terminus. Fray shows the
this study, we chose to focus on the nervous system, butstrongest homology to PASK, where there is strong similarity in the
sequence and the location of the conserved regions, denoted PF1 we include a brief description of expression elsewhere to
and PF2. place it in context. Expression of fray is first apparent
in preblastoderm embryos, consistent with a maternal
contribution, as previously reported (Perrimon et al.,coding a conceptual protein of 552 amino acids (Figure
1996). Zygotic expression is first observed in stage 125). Searches of the standard databases revealed that
embryos, in anterior and posterior regions that will de-the Fray kinase domain is most closely related to the
velop into the gut. By stage 15, the proventriculus andPAK family of kinases, whose founding members are
hindgut show very high expression, while cells of theyeast STE20 and the mammalian PAKs (for review, see
midgut show moderate expression. In the abdominalManser and Lim, 1999). These molecules are activated
bodywall, a single muscle fiber 17 is stained (Figuresupon binding small GTPases of the rho family. Compara-
8A and 8B). Just outside the CNS, the dorsal mediantive sequence analysis revealed a family of six known
cells in the thoracic segments show expression. TheseFray-related proteins (including Fray) with similarity
cells, mesodermal in origin, are located on the dorsalscores to each other that far exceeded scores to other
midline of the CNS, have been shown to pioneer thePAK-related kinases: rat PASK (accession number
transverse nerve, and are thought to function like gliaD88190; Ushiro et al., 1998), human OSR1 (accession num-
(Gorczyca et al., 1994). By stage 17, all the thoracicber AB017642; Tamari et al., 1999), mouse SPAK (acces-
and abdominal dorsal median cells are stained, as aresion number AF099988), human SPAK or Strerile20-like
muscle fiber 17 and the gut.(accession numbers AF099989 and AF030403), and
The expression most relevant to the nerve phenotypeCaenorhabditi elegans CAB6094. We refer to this family
is in a set of cells associated with the CNS nerve roots.as PF kinases, for PASK and Fray, since previously the
Based on their location and by their coexpression ofbest-characterized member of this family was rat PASK
Repo (Figure 8C), a glial-specific transcription factor,(Ushiro et al., 1998).
we conclude that these fray-positive cells are the exitWe base our classification of these six proteins into
glia, the cells that give rise to the peripheral ensheathingone family distinct from the PAKs on several criteria.
glia. Later in development, expression is observed inThe regions of homology among PF kinases span their
a small subset of nerve-associated cells (Figures 8Dlength, while homology to the canonical PAKs is limited
and 8E).to the kinase region (Figures 5B and 6). PAKs share a
GTPase binding motif in the N-terminal region and a
C-terminal kinase domain, while all PF kinases have no Expression of Fray in the Ensheathing Glia
Rescues the Nerve Phenotype in Mutantsrecognizable GTPase binding motif, and their kinase
domains are all located in the N-terminal region. Finally, The restriction of the nerve phenotype and fray expres-
sion to ensheathing glia suggested that Fray plays anthe homology between the kinase domains of PF kinases
PF Kinase Function in Axonal Ensheathment of Glia
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Figure 6. Sequence Comparison of the Kinase Domains of Proteins Related to Fray
The deduced amino acid sequence of the Fray kinase domain is aligned with its five closest known relatives (rat PASK, mouse SPAK, human
SPAK, human OSR1, and C. elegans CAB6094) and four of the canonical PAKs (Drosophila DPAK, rat PAK1, human PAK1, and yeast STE20).
Residues that are identical to Fray are shaded. Above the sequences, the 12 kinase subdomains are indicated (Roman numerals), as are the
nine nearly invariant residues in all kinases (capital letters) and the 15 highly conserved residues (small letters; kinase subdomains and invariant
residues from Hanks and Hunter, 1995). Fray, as well as all the kinases listed here, contains all nine invariant residues. With the exception of
CAB6094, Fray and its closest relatives match 13 of the 15 conserved residues. At the other two locations (whose conserved residues are
enclosed in parentheses), the five proteins have identical substitutions. The putative CAB6094 protein has only 11 of the conserved residues
and is deleted for much of subdomains IV and V, casting doubt whether the sequence represents a bona fide kinase.
essential role in these cells for normal axonal en- Fray expression in different subsets of cells in a mutant
background (Table 1). Ubiquitous expression of the fraysheathment. To investigate this, we undertook rescue
experiments using GAL4 enhancer trap lines to restore cDNA (G303-7 and G303-3) was able to rescue the nerve
Neuron
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Figure 7. Fray Is a Member of a Novel Family of Ser/Thr Kinases
(A) Sequence comparison of the PF1 and PF2 domains of Fray to related proteins. The deduced amino acid sequence of the Fray kinase
domain is aligned with its five closest known relatives: rat PASK, mouse SPAK, human SPAK (also known as Ste20-like), human OSR1, and
C. elegans CAB6094. Residues that are identical to Fray are shaded. The conservation of these domains between flies and mammals suggests
they play a conserved function in these molecules.
(B) Predicted evolutionary relationship of Fray to related kinases. A phylogenetic tree was generated by the Lasergene MegAlign program for
the catalytic domains of kinases related to PAK and Fray, using a PAM250 matrix. The PF kinases form a family (bottom) distinct from the
PAKs (top).
bulge phenotype (see Figure 2C) and the larval lethal The rescue experiments also provided evidence for
other developmental roles of Fray, besides glial en-phenotype. Three drivers with expression in peripheral
glial cells (gli, MZ709, and MZ317) were all able to rescue sheathment of axons. Driving expression with a weak,
constitutive driver (G303-3) produced adults that hadthe mutant nerve phenotype, providing strong evidence
that Fray is required in peripheral glial cells for normal visible defects, such as reduced wings, eyes, and legs
and abnormally patterned bristles. In contrast, a strongnerve ensheathment.
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Figure 8. Expression of the fray Gene
(A) Enhancer trap reporter gene expression
in a stage 16 embryo fillet. In abdominal seg-
ments A1–A7, the most ventral oblique mus-
cle fiber is labeled (arrowhead). This corre-
sponds to muscle fiber 17 in segments A2–A7
and muscle fiber 16 in segment A1. At this
stage, b-galactosidase is also expressed in
the exit glia of the CNS (see [C]), the dorsal
median cells in the thoracic segments, as well
as in the gut (data not shown). The b-galac-
tosidase reporter has a nuclear localization
signal.
(B) Tissue in situ hybridization of a stage 16
embryo whole mount. The fray mRNA is ex-
pressed in a pattern strikingly similar to the
enhancer trap expression shown in (A). Mus-
cle fiber 17 (arrowhead) in the abdominal
segments and the dorsal median cells in the
thoracic segments (arrow) are labeled. Ex-
pression in the gut and CNS is not visible at
this focal plane.
(C) Fray expression in glial cells in a stage 16
embryo whole mount. Anti-b-galactosidase
(red) and anti-Repo (green) of a PZ4624 em-
bryo reveals doubly labeled cells (yellow,
marked by arrow) at the exit points of the
nerves. These glial cells are the exit glia, the
precursors of the peripheral (ensheathing)
glia. Arrowhead refers to muscle fiber 17.
(D) Fray expression in third instar abdominal
nerves counterstained with a nuclear label,
Hoechst 33258. In the abdominal nerves,
b-galactosidase labeling of the fray enhancer
trap line PZ4624 is limited to a small subset
of nerve-associated cells (arrows). This re-
stricted expression can be appreciated by
comparing to (E).
(E) Nuclear counterstain in same field of view
as (D). The nuclear stain reveals that there
are many more nuclei in the field of view than
are expressing b-galactosidase. The arrows
mark the nuclei labeled in (D). They appear
darker because the blue product of the X-gal
labeling quenches the fluorescent label. An-
terior is to the top in (A), (B), and (C). Scale
bar: 25 mm for (A) and (B), 8 mm for (C), and
20 mm for (D) and (E).
constitutive driver (G303-7) fully rescues the mutant cDNA. Expressing PASK using either of these drivers
reduced the severity of the fray lethal phenotype, asphenotype. Driving fray expression with either driver in a
wild-type background produced normal-looking adults evidenced by a shift of the lethal phase from larva to
pupa (Table 1). The severity of the frayed nerve pheno-(data not shown), suggesting that the visible defects are
due to loss of function of fray and not the result of the type was significantly reduced by MZ709 and to a lesser
extent by G303-7, but, in all cases, the degree of rescueoverexpression of the rescue construct.
obtained with PASK was less than that obtained using
the Drosophila cDNA (Table 1). Remarkably, these re-The Mammalian Homolog PASK Rescues
fray Mutants sults show that, despite being separated by hundreds
of millions of years of evolution, rat PASK is capable ofThe extensive homology among members of the PF ki-
nase family suggested that they are functional homo- substituting for fray function.
logs. To test this, we used the rat PASK cDNA to see
whether it could substitute for fray function in fray mu- Discussion
tants. The rat homolog was chosen over other mamma-
lian homologs because it had already been character- In this paper, we have characterized a novel Drosophila
gene, fray, which is expressed by ensheathing glial cellsized and had been demonstrated to possess kinase
activity in vitro (Ushiro et al., 1998). For these experi- and whose function is required for normal nerve en-
sheathment. In fray mutants, the nerves show extensivements, the two strongest GAL4 drivers were selected,
hsp-GAL4 (G303-7) and MZ709, which exhibit essen- defects throughout their entire length, consisting of mul-
tiple regions of axonal defasciculation and large bulges.tially complete rescue of the fray lethal and nerve pheno-
types when driving expression of the Drosophila fray EM analysis shows that mutant nerves contain defects in
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Table 1. Rescue of fray r1 Mutants by Selective Expression of Fly and Rat fray cDNAsa
Expression Pattern
in Ventral Ganglion Rescues Severity of Nerve
cDNA Source GAL4 Driver and Nervesb Survivalc Nerve Bulges? Phenotyped Comments
Fly no driver none third instar no 5 control (frayr1 allele)
Fly hsp-GAL4 strong constitutive adult yes 2 normal adult
G303-7 expression at 258C (.95%) phenotype
Fly hsp-GAL4 weak constitutive adult (,5%) yes 3 adult phenotype
G303-3 expression at 258C includes reduced
wings, legs, and eyes;
and bristle defects
Fly Gliotactin peripheral glia ND yes 1
Fly MZ709 peripheral, interface, adult yes 1 normal adult
and channel glia; (.95%) phenotype
some neurons
Fly MZ317 peripheral, channel, ND yes 2
subperineurial, nerve
root, and cell body glia
Fly MZ1127 interface, channel, third instar no 5
midline, and
subperineurial glia but
not in peripheral glia
Rat hsp-GAL4 strong constitutive pupa yes 2
G303-7 expression at 258C
Rat MZ709 peripheral, interface, pupa yes 2
and channel glia;
some neurons
a GAL4 drivers were used to express the Drosophila or rat cDNA in different subsets of cells in a fray r1 mutant background to test whether
they restore function (see Experimental Procedures). The mutant has 12.7 nerve bulges per animal on average and dies by the third larval
instar. The various GAL4 drivers and crosses are described in Experimental Procedures.
b The expression patterns are based on published accounts and confirmed by laser confocal microscopy examination of a driven reporter
construct (UASGAL4-EGFP).
c Latest stage at which survivors were observed. For genotypes that survived to adulthood, the degree of survival is indicated (percent of
number of homozygous animals expected, based on number of heterozygous adult siblings observed).
d The severity of the nerve phenotype on a scale of one to five (1 5 wild-type, 5 5 fray r1). The scoring is based on a qualitative assessment
by two investigators, based on the number, width, and length of bulges.
ensheathing glia in both bulging and nonbulging regions. MZ709, and MZ317) bolsters the significance of the se-
lective rescue experiments. Although these drivers ex-The other two cellular components of the nerves, the
axons and the outer perineurial cells, appear essentially press GAL4 in other tissues besides glia in the embryo
and larva, the overlap of expression between them isnormal. The mutation is fully penetrant and leads to
larval lethality in severe alleles. Sequence analysis of in the peripheral glia (Table 1). The Gliotactin driver is
especially noteworthy, since the gli gene and its expres-Fray shows that it is a Ser/Thr kinase, closely related to
rat PASK and four other known proteins, which we have sion have been extensively characterized (Auld et al.,
1995; Sepp et al., 2000). Gli is expressed in peripheraltermed PF kinases.
glial cells and plays an essential role in glial en-
sheathment. In gli mutants, the glial ensheathment failsThe Fray Kinase Is Required for Proper
Nerve Ensheathment to form, and animals die as embryos.
Gli is a receptor with an inactive serine esterase do-The most direct evidence for a role for Fray in nerve
ensheathment stems from the frayed nerve phenotype, main, whose molecular function is unknown but has
been hypothesized to participate in signal transduction.in which the ensheathing glia are abnormally formed
(Figures 2 and 4). The frayed nerve phenotype is associ- Because a kinase such as Fray almost certainly has a
signal transduction function, we are interested in know-ated with four mutant alleles, including the null allele
PZ7551. Analysis of the expression pattern shows that ing whether Fray and Gli operate in the same signaling
cascade. Toward this end, we have looked for evidenceFray is expressed in the ensheathing glia and suggests
that Fray normally functions in these cells to mediate of genetic interactions between the two genes by com-
paring the phenotype of a hypomorphic mutant with orglial ensheathment of the axons (Figure 8). Supporting
this hypothesis, only expression of Fray in ensheathing without a severe allele of the other gene. We have not yet
found any evidence of genetic interactions. For example,glia leads to rescue of the frayed nerve phenotype in
fray mutants (Table 1). Therefore, we conclude that Fray the mutant phenotypes of fray r1/fray r1;gliAED45/1 and
fray r1/fray r1;1/1 animals appear indistinguishable—normally functions within glial cells and plays a key role
in generating axonal ensheathment. both survive to the third instar and have the frayed nerve
phenotype. If fray and gli operate in separate pathways,The use of three different glial GAL4 lines (Gliotactin,
PF Kinase Function in Axonal Ensheathment of Glia
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one would not expect them to interact genetically. The associate with F-actin via a region that includes the PF1
domain, presumably through an intermediary proteinlack of a genetic interaction, however, could be due to
other factors and by itself does not rule out that they (Tsutsumi et al., 2000). Whatever proteins PASK inter-
acts with, the fact that it can complement fray suggestsfunction in the same pathway.
PASK can interact with the appropriate Drosophila pro-
teins via its regulatory and catalytic domains.Models of Fray Function within Ensheathing Glia
In other signaling systems, the ability of a protein toA simple interpretation of our results is that Fray partici-
substitute for its ortholog has been due to the conserva-pates in a signal transduction cascade within glial cells.
tion of large portions of the entire signal transductionIn its absence, signal transduction is disrupted, resulting
cascade. For example, human hPAK1 can complementin the frayed nerve phenotype. The idea that Fray func-
STE20 mutations in yeast, and both molecules can inter-tions in a signaling pathway stems from the kinase do-
act with rho GTPases and activate the JNK signalingmain within the sequence of the fray gene. That Fray is
pathway (Brown et al., 1996). Thus, the functional homol-a bona fide Ser/Thr kinase follows both from the se-
ogy of mammalian and fly PF kinases suggests the con-quence, which contains all the hallmarks of a kinase
servation of a PF kinase signaling cassette betweendomain, and from the strong homology to rat PASK (74%
mammals and flies.amino acid identity), which has been shown to have
kinase activity in vitro (Ushiro et al., 1998).
Because we observed glial defects throughout the The Multiple Roles of Fray Suggest a Signaling
nerve, even in areas lacking pronounced bulges (Figure Pathway of Fundamental Importance
4), we favor the view that the primary defect in fray While the biological roles of the mammalian homologs
mutants is incorrect wrapping of axons by glial cell proc- of Fray have not been reported, our studies indicate
esses. In this view, the bulges appear as a secondary there are multiple functions of Fray in Drosophila. In
consequence, perhaps from the lack of structural integ- addition to the glial cell function in nerves, Fray has a
rity caused by the improper wrapping of axons. maternal role (Perrimon et al., 1996), a vital function, and
This model is consistent with reports of PF kinases roles in imaginal development suggested by the rescue
associating with the cytoskeleton. Embryos that lack experiments. In our selective rescue experiments, we
maternal fray have abnormal mitotic spindles, sug- were able to differentially affect the lethal and nerve
gesting that Fray plays a role in the cytoskeleton of phenotypes. For example, a heat shock driver rescues
dividing nuclei (Petitt et al., 1998). Furthermore, rat PASK larval lethality without fully rescuing the nerve pheno-
has been shown to associate with the cytoskeleton in type (Table 1). These experiments show that the failure
vivo and to associate with the cytoskeleton in vitro when of mutant larvae to survive is not due solely to their
induced by stress (Tsutsumi et al., 2000). In light of these frayed nerves. That Fray has distinct roles in imaginal
results, together with our finding that glial processes development follows from the observation of abnormal
are malformed in fray mutants, it seems likely that, in wings, legs, eyes, and bristles in mutants that have been
glial cells, Fray also regulates some aspect of the cy- partially rescued and survived to adult. Thus, the signal-
toskeleton. However, Fray does not simply regulate the ing pathway or pathways in which the Fray kinase partic-
overall size of the glial cell but rather specifically affects ipates appear to be employed in multiple times and
the ensheathing behavior of glial cell processes, in that places in Drosophila development.
they fail to (completely) encircle axons. In mammals, the wide expression of Fray homologs
points to multiple roles of PF kinases. In the rat, most
The Molecular Function of Fray adult tissues express PASK, including the nervous sys-
Some clues of Fray function are evident from the se- tem, kidney, adrenal glands, and stomach (Ushiro et al.,
quence. The Fray kinase domain is related to those of 1998). In mouse and human embryos, cDNAs have been
PAK kinases, which have been shown to effect changes isolated from developing brain and heart. In adults, Fray
in the cytoskeleton in response to the stress-activated homologs are found in mammary gland and thymus (Uni-
pathway (for review, see Lim et al., 1996; Knaus and gene database at the National Center for Biotechnology
Bokoch, 1998; Manser and Lim, 1999). Upon activation Information web site; http://www.ncbi.nlm.nih.gov/Uni-
by GTPases of the rho family, PAKs mediate changes Gene/). We do not know as yet if PF kinases are involved
in cell shape by acting on components of the cytoskele- in mammalian axonal ensheathment or if they are ex-
ton or by causing changes in gene expression. However, pressed by Schwann cells. In light of the functional ho-
Fray and other PF kinases lack the motif found in canoni- mology we have found between Drosophila Fray and
cal PAKs that permits binding to rho GTPases. Thus, mammalian PASK, however, it seems clear that PF ki-
PF kinases probably do not interact with these GTPases nases play essential roles in mammalian as well as ar-
and probably have distinct molecular partners and func- thropod development.
tions.
By analogy to other kinases, the regulatory region of Experimental Procedures
Fray is likely to be in the C-terminal half of the protein.
Drosophila StocksIn this same segment are found the two PF domains,
The third chromosome balancers used were TM6b, ryCB e Tb1 ca1which are stretches of homology among PF kinases. We
(Bloomington Stock number B-#1700); TM2, emc rySC Ubx red1believe that these PF domains represent regions that
(B-#1700); TM3, Dfd-lacZ, bx34e Sb ry e (a gift of Alan Michelson);
mediate protein–protein interactions, serving to regulate and TM3, P{w1mC5ActGFP}JMR2, Ser, (B-#4534). Descriptions of
the activity or localization of the kinase. Consistent with these markers, insertions, and chromosomes can be found in Fly-
base (1999) and in Lindsley and Zimm (1992).this idea, it has been reported that PASK can specifically
Neuron
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Genetics P Element–Mediated Transformation and Rescue
To obtain transformed lines of UASGAL4-fray, w1118 embryos wereThe PZ enhancer trap element was mobilized in a previously de-
scribed screen (Karpen and Spradling, 1992), and insertions on the injected with p{PU4624} or p{PUPASK} (500 mg/ml) and pp25.7wcD2-3
(100 mg/ml) (Rubin and Spradling, 1982), and balanced lines of inser-autosomes were recovered and balanced. The fray enhancer trap
PZ4624 was isolated by screening for expression in the embryonic tions were established. For Drosophila fray, three independent lines
were used to rescue the mutant phenotype: U4624.23 and U4624.61and larval neuromuscular system (Keshishian et al., 1993). To obtain
mutations in fray, the following crosses were performed to obtain on chromosome II, and U4624.17 on chromosome III. The heat shock
GAL4 insertions (hsGAL4 303-3 and hsGAL4 303-7) were recom-excisions of P{PZ}, which could be identified by reversion of P{ry1}
to ry2. Matings were set up of PZ4624/Sb D2-3 males (obtained bined onto the fray r1 chromosome, then crossed to U4624 lines 23
or 61. All combinations gave some degree of rescue of lethality. Thefrom PZ4624 3 ry506 Sb1 P{ry1t7.25 D2-3}99B/TM6,Ubx) to TM2, Ubx
ry/TM6b, Hu e Tb ry females. From each mating, a single ry2 Sb1 hsGAL4 303-7 gives widespread expression (our unpublished data)
and rescued the mutant phenotypes at 258C without heat shockmale was used to establish a balanced line to ensure that each
line derived from an independent excision event. Lethal lines were pulses. The U4624.61 line gave substantial rescue activity in the
absence of GAL4 driver, so it was not used in the tissue-selectivescreened by Southern analysis to identify polymorphisms (see be-
low). Three lethal alleles of fray were obtained in this manner, r1, r2, rescue experiments. To test the ability of the glial driver MZ709
(on chromosome III) to rescue, it was recombined onto the fray r1and r3. Subsequently, a fourth allele was obtained, PZ7551 (kindly
provided by M. Petitt; PZ7551 is also known as l(3)7551; Spradling chromosome. All the other GAL4 drivers, which were not on chromo-
some III, were tested with a fray r1, U4624.17 chromosome. For ratet al., 1999), which came from the same enhancer trap collection
as PZ4624. Genetic analysis of the lethal phenotype was performed PASK, two independent insertions on chromosome II were tested
using the MZ709 and hsGAL4 303-7 drivers.in crosses to Df(3R)fruw24 and Df(3R)ChaM5, deletions that span the
fray locus. On the basis of these crosses we conclude that PZ7551
is a genetic amorph, while fray r1, fray r2, and fray r3 are hypomorphs.
HistologyThe GAL4 drivers used in this study are MZ317, MZ709, and
Immunocytochemistry with mouse anti-b-gal (Promega, Madison,MZ1127 (Ito et al., 1995); GlirL82.29 (Sepp and Auld, 1999); ElavC155 (Lin
WI), rat anti-Repo (Campbell et al., 1994) and goat anti-HRP (Jack-and Goodman, 1994); and hsp-GAL4 303-3 and 303-7, two new
son ImmunoResearch Laboratories, West Grove, PA) were per-insertion lines (J. Ratchford and H. K., unpublished data; Yale Uni-
formed as described (Johansen et al., 1989b) and analyzed by digitalversity) derived from hsp-GAL4 N630 (S. Hayashi and K. Saigo,
optical microscopy (Halpern et al., 1991) or confocal microscopyMishima, Japan).
(Bio-Rad 1024). Secondary antibodies were obtained from Jackson
(HRP-donkey anti-goat), Molecular Probes (Eugene, OR; Alexa anti-
Molecular Biology mouse), and Vector Laboratories (Burlingame, CA; biotinylated goat
Recombinant DNA techniques were performed using standard pro- anti-rat and ABC kit).
tocols (Sambrook et al., 1989). To clone the fray region, genomic
DNA next to the PZ4624 insertion was obtained by plasmid rescue
(Karpen and Spradling, 1992) and then used to isolate genomic Quantification of the Occurrence of Frayed Nerve Bulges
clones from a Drosophila genomic library in lEMBL3 (a gift of Iain Seven larval fillets stained with anti-HRP were analyzed by video
Dawson, Yale University). Subsequently, P1 clone DS4983 (from the microscopy. Nerves A2–A8 were traced from the ventral ganglion
Berkeley Drosophila Genome Project; Hartl et al., 1994) was used to their branch points in the periphery, and the locations (by seg-
to extend the genomic walk. Chromosomal in situ hybridization re- ment) of bulges .15 mm were scored. The data from the left and
vealed 91B3-4 as the location of the PZ4624 insertion and of geno- right sides of the animals were pooled. For Figure 3, the numbers
mic clones. Tissue in situ hybridization to whole embryos (Tautz representing the occurrences of bulges were normalized to 100%.
and Pfeifle, 1989; with modifications described in Doe et al., 1991),
probed with a 4 kb SalI fragment spanning the PZ4624 insertion,
revealed a pattern of mRNA expression similar to the PZ4624 b-gal Transmission Electron Microscopy
reporter. This fragment was used to isolate cDNAs from two libraries: Larval fillets were fixed at room temperature for 1 hr in 4% glutaral-
one prepared from 2–14 hr embryos in lZAP (gift of R. Fehon, Duke dehyde in 0.1 M phosphate buffer (pH 7.4). The fillets were washed
University) and the other from imaginal discs in lgt11 (gift of P. in PBS, stained for 1 hr in 1% osmium tetroxide, and dehydrated
Clyne, Yale University). and embedded in Epon. Then, silver sections were cut and stained
Seven cDNA clones from the embryonic library were subcloned 10 min in 3% uranyl acetate followed by 3 min in 0.3% lead citrate.
into pBluescript (Stratagene) using excision by helper phage, and Multiple sections from at least ten frayr1 nerves were examined.
the longest imaginal disc clone was subcloned into the EcoRI site Glial morphometry was performed using National Institutes of
of pBluescript II (Stratagene). Sequence from the cDNA and genomic Health image software for Windows (Scion Corporation, Frederick,
clones was obtained by the Keck Sequence Facility (Yale University) Maryland).
and used to query the DNA and protein databases on the NCBI
BLAST server. Protein sequence alignments and distance relation-
ships were performed using the MegAlign program from the La- Acknowledgments
sergene software suite (DNASTAR, Inc., Madison, WI). The longest
embryonic clone was 3 kb and had a long ORF starting from the 59 We thank Tammy Hackett and Judy Cole for technical assistance,
end, suggesting the clone was not complete. The longest imaginal Barry Piekos for help with the EM, Brian Kang, Mike Akins, and
disc clone was 5 kb in length and had the hallmarks of containing the Elissa Hallem for help with the rescue experiments, members of
full ORF. The predicted protein sequence corresponds to accession the Keshishian and Wyman laboratories for discussions, and the
number AF006640 (submitted by M. Petitt, M. B. Melnick, M. J. anonymous reviewers for helpful comments. We thank Matt Pettit
Comb, and N. Perrimon) and to GADFLY sequence CG7693 from for sharing fray alleles and unpublished results, Vanessa Auld and
the Berkeley Drosophila Genome Project. To identify mutations of Kei Ito for their generous sharing of stocks and expertise, and H.
fray among the rev(4624) lethal excision lines (see above), Southern Ushiro for providing the rat PASK cDNA clone. We are grateful for
analysis of XbaI digests of rev(PZ4624)/PZ4624 genomic DNA was the support of Flybase, the Berkeley Drosophila Genome Project,
performed to detect changes in the restriction fragment into which and the Drosophila Stock Centers. This work was supported by
the PZ element had inserted. This analysis suggested that the r1 grants from the National Institutes of Health, the National Aeronau-
allele has a deletion of z5 kb, upstream of the transcription unit. tics and Space Administration, and the National Science Foundation
Rescue constructs of Drosophila fray were made with the longest to H. K., and National Institutes of Health National Research Service
imaginal disc cDNA cloned into the NotI and XhoI sites of pP{UAST} Award to W. M. L.
(Brand and Perrimon, 1993), denoted p{PU4624}. For the rat PASK
construct, a BamHI-XhoI fragment of rat PASK cDNA was cloned
into the XhoI-BglII sites of pP{UAST}. Received September 15, 2000; revised October 10, 2000.
PF Kinase Function in Axonal Ensheathment of Glia
805
References Hurd, D.D., and Saxton, W.M. (1996). Kinesin mutations cause motor
neuron disease phenotypes by disrupting fast axonal transport in
Drosophila. Genetics 144, 1075–1085.Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J., Zhang, Z.,
Miller, W., and Lipman, D.J. (1997). Gapped BLAST and PSI-BLAST: Ito, K., Urban, J., and Technau, G.M. (1995). Distribution, classifica-
a new generation of protein database search programs. Nucleic tion, and development of Drosophila glial cells in late embryonic
Acids Res. 25, 3389–3402. larval ventral nerve cord. Roux’s Archive Dev. Biol. 204, 284–307.
Auld, V. (1996). The role of glia in the development of the insect Jan, L.Y., and Jan, Y.N. (1982). Antibodies to horseradish peroxidase
nervous system. In Glial Cell Development: Basic Principles and as specific neuronal markers in Drosophila and in grasshopper em-
Clinical Relevance, K.R. Jessen and W.D. Richardson, eds. (Oxford: bryos. Proc. Natl. Acad. Sci. USA 79, 2700–2704.
Bios Scientific Publishers, Ltd.), pp. 229–250.
Jessen, K.R., and Richardson, W.D. (1996). Glial Cell Development:
Auld, V.J., Fetter, R.D., Broadie, K., and Goodman, C.S. (1995). Glio- Basic Principles and Clinical Relevance (Oxford: BIOS Scientific
tactin, a novel transmembrane protein on peripheral glia, is required Publishers).
to form the blood-nerve barrier in Drosophila. Cell 81, 757–767.
Johansen, J., Halpern, M.E., Johansen, K.M., and Keshishian, H.
Baumgartner, S., Littleton, J.T., Broadie, K., Bhat, M.A., Harbecke, (1989a). Stereotypic morphology of glutamatergic synapses on iden-
R., Lengyel, J.A., Chiquet-Ehrismann, R., Prokop, A., and Bellen, tified muscle cells of Drosophila larvae. J. Neurosci. 9, 710–725.
H.J. (1996). A Drosophila neurexin is required for septate junction
Johansen, J., Halpern, M.E., and Keshishian, H. (1989b). Axonaland blood-nerve barrier formation and function. Cell 87, 1059–1068.
guidance and the development of muscle fiber-specific innervation
Bellen, H.J., Lu, Y., Beckstead, R., and Bhat, M.A. (1998). Neurexin
in Drosophila embryos. J. Neurosci. 9, 4318–4332.
IV, caspr and paranodin--novel members of the neurexin family:
Karpen, G.H., and Spradling, A.C. (1992). Analysis of subtelomericencounters of axons and glia. Trends Neurosci. 21, 444–449.
heterochromatin in the Drosophila minichromosome Dp1187 by sin-Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
gle P element insertional mutagenesis. Genetics 132, 737–753.a means of altering cell fates and generating dominant phenotypes.
Keshishian, H., Chiba, A., Chang, T.N., Halfon, M.S., Harkins, E.W.,Development 118, 401–415.
Jarecki, J., Wang, L., Anderson, M., Cash, S., Halpern, M.E., etBrown, J.L., Stowers, L., Baer, M., Trejo, J., Coughlin, S., and Chant,
al. (1993). Cellular mechanisms governing synaptic developmentJ. (1996). Human Ste20 homologue hPAK1 links GTPases to the
in Drosophila melanogaster. J. Neurobiol. 24, 757–87. Erratum: J.JNK MAP kinase pathway. Curr. Biol. 6, 598–605.
Neurobiol. 24(8), 1993.
Campbell, G., Goring, H., Lin, T., Spana, E., Andersson, S., Doe,
Kla¨mbt, C., and Goodman, C.S. (1991). The diversity and pattern ofC.Q., and Tomlinson, A. (1994). RK2, a glial-specific homeodomain
glia during axon pathway formation in the Drosophila embryo. Gliaprotein required for embryonic nerve cord condensation and viability
4, 205–213.in Drosophila. Development 120, 2957–2966.
Knaus, U.G., and Bokoch, G.M. (1998). The p21Rac/Cdc42-activatedCampos-Ortega, J.A., and Hartenstein, V. (1997). The Embryonic
kinases (PAKs). Int. J. Biochem. Cell Biol. 30, 857–862.Development of Drosophila melanogaster, Second Edition (New
York: Springer Verlag). Laming, P.R., Sykova, E., Reichenbach, A., Hatton, G.I., and Bauer,
H. (1998). Glial Cells: Their Role in Behaviour (New York: CambridgeCarlson, S.D., and Hilgers, S.L. (1998). Perineurium in the Drosophila
University Press).(Diptera: Drosophilidae) embryo and its role in the blood-brain nerve
barrier. Int. J. Insect Morphol. Embryol. 27, 61–66. Leiserson, W., Harkins, E., and Keshishian, H. (1999). The Drosophila
Ser/Thr kinase fray is required for proper nerve ensheathment. Soc.Doe, C.Q., Chu-LaGraff, Q., Wright, D.M., and Scott, M.P. (1991).
Neurosci. Abstr. 25, 10.The prospero gene specifies cell fates in the Drosophila central
nervous system. Cell 65, 451–464. Lim, L., Manser, E., Leung, T., and Hall, C. (1996). Regulation of
phosphorylation pathways by p21 GTPases. The p21 Ras-relatedEdwards, J.S., Swales, L.S., and Bate, M. (1993). The differentiation
Rho subfamily and its role in phosphorylation signalling pathways.between neuroglia and connective tissue sheath in insect ganglia
Eur. J. Biochem. 242, 171–185.revisited: the neural lamella and perineurial sheath cells are absent
in a mesodermless mutant of Drosophila. J. Comp. Neurol. 333, Lin, D.M., and Goodman, C.S. (1994). Ectopic and increased expres-
301–308. sion of Fasciclin II alters motoneuron growth cone guidance. Neuron
13, 507–523.Flybase. (1999). The FlyBase database of the Drosophila Genome
Projects and community literature. The FlyBase Consortium. Nucleic Lindsley, D.L., and Zimm, G.G. (1992). The Genome of Drosophila
Acids Res. 27, 85–88. melanogaster (San Diego: Academic Press).
Fredieu, J.R., and Mahowald, A.P. (1989). Glial interactions with Manser, E., and Lim, L. (1999). Roles of PAK family kinases. Prog.
neurons during Drosophila embryogenesis. Development 106, Mol. Subcell. Biol. 22, 115–133.
739–748.
Perrimon, N., Lanjuin, A., Arnold, C., and Noll, E. (1996). Zygotic
Gorczyca, M.G., Phillis, R.W., and Budnik, V. (1994). The role of lethal mutations with maternal effect phenotypes in Drosophila mel-
tinman, a mesodermal cell fate gene, in axon pathfinding during the anogaster. II. Loci on the second and third chromosomes identified
development of the transverse nerve in Drosophila. Development by P-element-induced mutations. Genetics 144, 1681–1692.
120, 2143–2152.
Peters, A., Palay, S.L., and Webster, H.D. (1991). The Fine Structure
Halpern, M.E., Chiba, A., Johansen, J., and Keshishian, H. (1991).
of the Nervous System: Neurons and Their Supporting Cells, Third
Growth cone behavior underlying the development of stereotypic
Edition (New York: Oxford University Press).
synaptic connections in Drosophila embryos. J. Neurosci. 11, 3227–
Petitt, M., Melnick, M., and Perrimon, N. (1998). The Drosophila3238.
gene fray encodes a STE20-related kinase that controls multipleHalter, D.A., Urban, J., Rickert, C., Ner, S.S., Ito, K., Travers, A.A.,
microtubule-based movements. Molec. Biol. Cell 9, 43a.and Technau, G.M. (1995). The homeobox gene repo is required for
Rubin, G.M., and Spradling, A.C. (1982). Genetic transformation ofthe differentiation and maintenance of glia function in the embryonic
Drosophila with transposable element vectors. Science 218,nervous system of Drosophila melanogaster. Development 121,
348–353.317–332.
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-Hanks, S.K., and Hunter, T. (1995). Protein kinases 6. The eukaryotic
ing: A Laboratory Manual, Second Edition (Cold Spring Harbor, NY:protein kinase superfamily: kinase (catalytic) domain structure and
Cold Spring Harbor Laboratory Press).classification. FASEB J. 9, 576–596.
Hartl, D.L., Nurminsky, D.I., Jones, R.W., and Lozovskaya, E.R. Sepp, K.J., and Auld, V.J. (1999). Conversion of lacZ enhancer trap
lines to GAL4 lines using targeted transposition in Drosophila mela-(1994). Genome structure and evolution in Drosophila: applications
of the framework P1 map. Proc. Natl. Acad. Sci. USA 91, 6824–6829. nogaster. Genetics 151, 1093–1101.
Neuron
806
Sepp, K.J., Schulte, J., and Auld, V.J. (2000). Developmental dynam-
ics of peripheral glia in Drosophila melanogaster. Glia 30, 122–133.
Spradling, A.C., Stern, D., Beaton, A., Rhem, E.J., Laverty, T., Moz-
den, N., Misra, S., and Rubin, G.M. (1999). The Berkeley Drosophila
Genome Project gene disruption project: Single P-element inser-
tions mutating 25% of vital Drosophila genes. Genetics 153,
135–177.
Tamari, M., Daigo, Y., and Nakamura, Y. (1999). Isolation and charac-
terization of a novel serine threonine kinase gene on chromosome
3p22-21.3. J. Hum. Genet. 44, 116–120.
Tautz, D., and Pfeifle, C. (1989). A non-radioactive in situ hybridiza-
tion method for the localization of specific RNAs in Drosophila em-
bryos reveals translational control of the segmentation gene hunch-
back. Chromosoma 98, 81–85.
Tsutsumi, T., Ushiro, H., Kosaka, T., Kayahara, T., and Nakano, K.
(2000). Proline- and alanine-rich Ste20-related kinase associates
with F-actin and translocates from the cytosol to cytoskeleton upon
cellular stresses. J. Biol. Chem. 275, 9157–9162.
Ushiro, H., Tsutsumi, T., Suzuki, K., Kayahara, T., and Nakano, K.
(1998). Molecular cloning and characterization of a novel Ste20-
related protein kinase enriched in neurons and transporting epithe-
lia. Arch. Biochem. Biophys. 355, 233–240.
